New particle formation in the atmosphere is an important parameter in governing the radiative forcing of atmospheric aerosols. However, detailed nucleation mechanisms remain ambiguous, as laboratory data have so far not been successful in explaining atmospheric nucleation. We investigated the formation of new particles in a smog chamber simulating the photochemical formation of H 2 SO 4 and organic condensable species. Nucleation occurs at H 2 SO 4 concentrations similar to those found in the ambient atmosphere during nucleation events. The measured particle formation rates are proportional to the product of the concentrations of H 2 SO 4 and an organic molecule. This suggests that only one H 2 SO 4 molecule and one organic molecule are involved in the rate-limiting step of the observed nucleation process. Parameterizing this process in a global aerosol model results in substantially better agreement with ambient observations compared to control runs.
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aerosol particles | atmospheric nucleation | new particle formation | sulfuric acid A tmospheric aerosols affect the radiative balance in the Earth's atmosphere and influence cloud formation, thereby playing a central role in climate forcing. They also have an important impact on visibility and human health. Many of these effects depend on the particle size distribution, which is governed by the emission of primary particles on the one hand and formation of new particles on the other hand. New particle formation events have been observed frequently and worldwide, in boreal forests, coastal, rural, and urban regions, as well as the free troposphere (1) . Their contribution to the regional and global budget of atmospheric particles is likely to be significant though it is still poorly constrained (2) (3) (4) (5) . A detailed understanding of atmospheric nucleation processes is therefore needed.
Observations in the planetary boundary layer revealed a consistent correlation between sulfuric acid (H 2 SO 4 ) and the concentration of newly formed particles (6) (7) (8) (9) , where the particle formation rate can be described with a simple power law:
The exponent m was found to consistently vary between 1 and 2. According to the nucleation theorem (10) , this suggests that the critical cluster (the smallest stable "particle") contains only one or two H 2 SO 4 or sulfuric acid-containing molecules. Classical binary (H 2 SO 4 -water) and ternary (H 2 SO 4 -NH 3 -water) mechanisms predict much higher values of the exponent and fail to explain the ambient observations (11, 12) . Therefore, new approaches such as H 2 SO 4 cluster activation (13) (for m ¼ 1) and kinetic nucleation (14) (for m ¼ 2) have been developed trying to explain the observed new particle formation events. Recently the formation of organosulfate clusters was suggested to explain the chemistry behind the cluster activation or kinetic mechanisms and thus atmospheric nucleation (15) . From detailed analyses of nucleation and growth it was inferred that sesquiterpenes might be involved in new particle formation. On the other hand, a number of studies conclude that the role of organics is mainly important for the growth of the nucleated particles rather than for the nucleation itself (e.g., 16, 17) . Furthermore, the role of ion-induced nucleation (IIN) is still unclear. Based on ambient observations and modeling studies, IIN-although energetically favored-seems to play only a minor role in the continental boundary layer and globally (4, (18) (19) (20) (21) (22) . However, some studies suggest that IIN could be important in the cold upper troposphere (23) , over oceans, and even worldwide (24) .
The fact that nucleation takes place at sizes below the detection limit of traditional instruments and is therefore not directly accessible to measurements has so far hampered the elucidation of the nucleation process. Despite these experimental challenges and conflicting results, it seems evident that H 2 SO 4 plays a central role in atmospheric nucleation. However, detailed nucleation mechanisms remain still ambiguous because laboratory data have thus far not been successful in explaining atmospheric nucleation.
Results and Discussion
Chamber Experiments-The Role of Sulfuric Acid. We performed a series of photooxidation experiments in the 27-m 3 Paul Scherrer Institute environmental chamber investigating new particle formation in the presence of 1,3,5-trimethylbenzene (TMB), NO x and SO 2 at various mixing ratios (SI Text and Table S1 ). TMB, a known anthropogenic secondary organic aerosol (SOA) precursor, is especially suited for this study because of the low tendency of its oxidation products to nucleate by themselves even at high mixing ratios. As in the atmosphere, after irradiation of this mixture OH radicals oxidize SO 2 and TMB producing H 2 SO 4 and a variety of organic products. The production of low-volatility products leads to formation of SOA. Fig. 1 shows the temporal evolution of the aerosol number (A) and mass concentrations (B) of five experiments with similar initial mixing ratios of TMB and nitrogen oxides (Fig. S1) , clearly demonstrating the effect of varying SO 2 mixing ratio. Without addition of SO 2 , nucleation occurs after approximately 2 h when the nitrogen oxide concentration approaches zero. With increasing the SO 2 mixing ratio, nucleation occurs earlier, and the particle number concentration (diameter D p > 3 nm) increases from 10 3 to 10 5 cm −3 . The particle number concentration decreases due to wall loss (WL) and coagulation. The final aerosol mass produced, which is derived from the measured number size distribution, is independent of the SO 2 mixing ratio, except for the experiment in which no SO 2 is present, where aerosol formation is delayed.
For further analysis we derived the particle formation rates as well as the concentrations of H 2 SO 4 and low-volatility organic compounds assuming that the fraction of the organic oxidation products with the lowest volatility (called NucOrg) can participate in the particle formation process.
Fig . 1C shows the calculated H 2 SO 4 and NucOrg concentrations for the five individual experiments with different initial SO 2 mixing ratios. H 2 SO 4 rises sharply after the start of an experiment. In the initial phase its concentration is limited by the loss to the wall. As soon as particles are formed, condensation onto particles overcomes the WL and limits the H 2 SO 4 concentration. As shown in Fig. 1D , the 3-nm particle appearance rate (J 3 , J 3 ∼ dN∕dt) follows the rise in H 2 SO 4 with a delay of 39, 21, 18, and 9 min for SO 2 mixing ratios of 0.4, 2, 5, and 20 ppb, respectively. The time delay is attributed to the time needed for the nucleated clusters to grow to the detectable size (3 nm) (6) (7) (8) . The threshold concentration of sulfuric acid when 3-nm particles started to appear was approximately 5 × 10 6 molecules cm −3 . This is in line with ambient observations, which consistently show that 10 6 -10 7 molecules cm −3 of H 2 SO 4 are necessary to observe particle formation events (e.g., 7, 25-27).
Nucleation Rates in Comparison with Ambient Data. The actual nucleation rate is the rate of critical cluster formation. We assume the mobility diameter of the critical cluster to be 1.5 nm, in line with recent observations of a stable cluster mode around that size (28) . Fig. 2 shows the dependence of J 1.5 (Eq. S8) from the gaseous H 2 SO 4 concentration and compares this with ambient observations from the boreal forest in Hyytiälä, Finland (7) . The scatter of the atmospheric nucleation rates is attributed to varying temperature, humidity, or varying contributions of unknown species in the nucleation process (29) . Our laboratory data agree surprisingly well with nucleation rates observed in the atmosphere. Due to the well-defined conditions of the chamber experiments, the lab data show less scatter and a distinct pattern where data from experiments with higher SO 2 are shifted to higher H 2 SO 4 and J 1.5 values. Data are color coded with the amount of NucOrg showing an increase of NucOrg with increasing H 2 SO 4 , which will be discussed further below.
Involvement of Organic Compounds in Nucleation.
The exponent m of the power law model (Eq. 1) can be obtained as the slope of logðJÞ versus logðH 2 SO 4 Þ (Fig. 2) . Evidently, the ambient as well as the laboratory data are confined within the slopes m ¼ 1 and 2. A linear regression fit to all our laboratory data exhibits a slope of 1.84 AE 0.06 (R ¼ 0.85), whereas the slopes of the individual experiments range from 1.7 to 3.4. These slopes are in close agreement with ambient observations, in contrast to previous studies, where higher slopes were typically found (e.g., 6-9). According to the nucleation theorem, a slope (exponent m) of 2 indicates that the critical cluster contains two sulfuric acid molecules. The nucleation theorem is a very robust theorem that applies irrespective of a specific nucleation mechanism (10, 30) . However, it only applies when other variables of influence (temperature and gas phase concentrations of other species participating in the nucleation process) remain constant. This restriction is typically neglected because there are not enough data to obtain meaningful correlations at narrow temperature and gas concentration intervals, and most other compounds that might be involved in nucleation are not known (29) . Within an individual experiment, H 2 SO 4 and organic photooxidation products are expected to be highly correlated because their formation and loss processes are highly similar. This can be seen from the color coding in Fig. 2 . Even more importantly, besides merely correlating with H 2 SO 4 , organics clearly affect the nucleation rate: For a constant H 2 SO 4 concentration, higher NucOrg results in higher nucleation rates. Thus, a given nucleation rate, J 1.5 , can be sustained at lower H 2 SO 4 levels if there is more organic vapor, and vice versa, indicating that both species contribute to nucleation in a kinetically limited process. We advocate that the same dependence also exists in most nucleation events in the ambient atmosphere. Constraining the analysis to H 2 SO 4 only may therefore be misleading.
Disentangling the Roles of Sulfuric Acid and Organic Compounds in
Nucleation. In the following, we will attempt to disentangle the influence of organic oxidation products from that of sulfuric acid using two different approaches. First, a nonlinear regression analysis was applied to our data as suggested by ref. 29 . As the nucleation rate may depend on both H 2 SO 4 and NucOrg, Eq. 1 is rewritten as:
The least-squares fit yielded m ¼ 1.0 AE 0.04, n ¼ 0.8 AE 0.04, and k ¼ 7.2 AE 4.4 × 10 −13 cm 3 s −1 . This indicates an overall dependency of the nucleation rate on H 2 SO 4 and NucOrg each close to the power of one. Constraining both n and m to one leads to a prefactor k of 7.5 AE 0.3 × 10 −14 cm 3 s −1 . Second, the whole dataset was binned relative to the NucOrg concentration. The power law model (Eq. 1) was then applied to each bin, which represents a dataset at roughly constant NucOrg. Slopes between 1 and 1.3 are obtained as seen in Fig. 2 (colored  lines) . This shows that eliminating the confounding correlation between the concentrations of H 2 SO 4 and NucOrg results in slopes of logðJ 1.5 Þ versus log½H 2 SO 4 clearly below 2. This is also shown by the isopleths plot log½H 2 SO 4 versus log½NucOrg (Fig. S2) ; it is impossible to explain our data with a dependence of either H 2 SO 4 or NucOrg alone (which would mean horizontal or vertical regression lines in that plot). Based on these results, we propose that the attachment of a H 2 SO 4 molecule with a NucOrg molecule forms the first stage clusters, which then grow by condensation and coagulation.
Discussion
It has previously been shown that in the ambient atmosphere a pool of sub-3-nm clusters is always present with a mobility ranging between 0.7 and 1.7 cm 2 V −1 s −1 , which corresponds to mobility diameters of 1.6 and 1.0 nm, respectively (28) . The primary oxidation step of TMB leads to products with a molecular weight of up to at least 231 g mol −1 (31). The addition of one H 2 SO 4 molecule to such a molecule [similar to a pathway proposed by Bonn et al. (15) ] would thus result in a cluster with a molecular weight well above 300 g mol −1 . According to Mäkelä et al. (32) , this mass corresponds to a mobility of approximately 1.1 cm 2 V −1 s −1 , well within the boundaries of a typical ambient cluster mode.
Clearly, other volatile organic compounds like monoterpenes or sesquiterpenes are more likely to act as precursors for NucOrg under ambient conditions (but the involved functional groups are expected to be similar as for TMB). For example, organosulfate clusters formed via Criegee intermediates from the ozonolysis of sesquiterpenes were proposed to explain new particle formation (15, 30) . Others have found only a weak correlation between terpene oxidation products and nucleation (e.g., 29). Some laboratory studies found that the presence of organics enhances the nucleation rate (33) (34) (35) , whereas others did not show evidence for such an enhancement (36) . It may be speculated that in the latter case the residence time was not sufficiently high to show an effect of the organics. From our data we cannot deduce the exact nature of NucOrg. The combined evidence of the contribution of different organics to nucleation from our results and others suggests that the exact nature of the organics (the carbon backbone) may be less important than the specific functional groups required for the cluster formation with H 2 SO 4 (33, 35) .
Further evidence for an involvement of organics already in the smallest cluster sizes is gained from the sub-3-nm growth rates (the initial growth between 1.5 and 3 nm, GR 1.5-3 ). These initial growth rates were estimated from the time delays between the rise in H 2 SO 4 and the rise in J 3 (e.g., 6, 7) and range from 3-10 nm h −1 . Condensation of H 2 SO 4 (37, 38) may only explain up to 20% of GR 1.5-3 at high sulfuric acid concentrations and much less at lower concentrations. This indicates that other species than H 2 SO 4 , presumably organics, are needed to explain the observed growth. The concentration of nucleating organic vapor (NucOrg) needed in order to explain the observed sub-3-nm growth rates was estimated to be approximately 5 × 10 7 molecules cm −3 , corresponding to a product yield of NucOrg of 0.025%. In the boreal forest, sulfuric acid concentrations are also too low to explain the observed growth, where sulfuric acid could typically explain about 50% of the growth in the diameter range of 1 to 3 nm (e.g., 7). Therefore it was speculated that some other species, presumably organics, were needed to condense on the particles. Furthermore, at D p ¼ 2-4 nm the particles appeared to be less hygroscopic than pure ammonium sulfate or sulfuric acid (39) . This indicates that both organics and H 2 SO 4 (or organosulfates) might be present already in the smallest particles. The prefactor k in Eq. 2 contains details of the nucleation process. Our analysis yields a k value of 0.7-7 × 10 −13 cm 3 s −1 from the multilinear regression, which is several orders of magnitude below the hard sphere collision limit (8) . This may point to the fact that stable critical cluster formation is governed by the competition between stabilization and decay of an unstable complex formed from the collision of the molecules. Assuming that both sulfuric acid and organics take part in nucleation (Eq. 2) and applying the sub-3-nm growth method to atmospheric data obtained in Hyytiälä, a k value of the order of 1 × 10 −13 cm 3 s −1 is obtained. This is in fairly good agreement with the above value, considering the uncertainty in the data and the differences in temperature, relative humidity, and chemical composition present.
Global Modeling-Atmospheric Implications
We further tested our proposed mechanism by incorporating it in the three-dimensional chemical transport model GLOMAP, which includes a detailed treatment of aerosol microphysics (40) . We modified the model to include the kinetic nucleation involving organics (Eq. 2, using the values of m ¼ 1 and n ¼ 1 found by multilinear regression and k varying from 5 × 10 −12 to 5 × 10 −14 cm 3 s −1 ), assuming that the organics are emitted by the biosphere, using monoterpene emissions and behavior as a proxy (SI Text). Results were then compared to control runs existing of binary homogeneous nucleation (BHN), kinetic nucleation involving only sulfuric acid (14) (Eq. 1, using m ¼ 2 and k ¼ 4 × 10 −13 cm 3 s −1 ), and the cluster activation mechanism (Eq. 1, using m ¼ 1 and k ¼ 5 × 10 −7 s −1 ) (13). Fig. 3 shows vertical profiles of total particle number concentrations from aircraft observations over North America and US outflow compared to our simulations. The "traditional" kinetic mechanism and the cluster activation mechanism, both including only sulfuric acid, overpredict the aerosol number in the free troposphere (altitude of 2-8 km), unless the mechanisms are restricted to the boundary layer. The kinetic nucleation mechanism involving organics gives very good agreement for the whole vertical profile, producing the typical Z-shaped profile often observed over continental regions. Fig. 4 shows simulated surface particle number concentrations with these different nucleation mechanisms. Both the traditional activation and kinetic mechanisms result in substantial nucleation over oceanic regions where there are ship emissions of SO 2 (e.g., North Atlantic) or oceanic DMS emissions (e.g., Southern Ocean), which is generally not confirmed by field observations (41) . The general lack of nucleation in oceanic regions is, however, captured by the new organic activation mechanism, due to a Fig. 4 . Simulated April surface mean total particle number concentrations (D p > 3 nm) with different particle formation mechanisms: (A) BHN, (B) activation mechanism restricted to the boundary layer (J 1.5 ¼ 5 × 10 −7 s −1 ½H 2 SO 4 ) with BHN above, (C) kinetic mechanism restricted to the boundary layer (J 1.5 ¼ 4 × 10 −13 cm 3 s −1 ½H 2 SO 4 2 ) with BHN above, and (D) kinetic nucleation involving organics (J 1.5 ¼ 5 × 10 −13 cm 3 s −1 ½H 2 SO 4 ½organic) and BHN occurring throughout the atmosphere. low concentration of organics and subsequently slow nucleation rates.
Conclusions
Our results bridge the long-standing discrepancy between atmospheric observations and laboratory studies. Our results suggest that organic compounds together with sulfuric acid are likely to initiate the nucleation process. Furthermore, both organics and sulfuric acid contribute to the subsequent growth of these clusters. As seen from the results, the nucleation rate is practically linearly dependent on sulfuric acid and organic concentrations with rate coefficients 0.7-7 × 10 −13 cm 3 s −1 . These results allow for a more accurate description of nucleation, leading to the formation of aerosol and-under favorable circumstances-to their growth into the cloud condensation nuclei (CCN) size range.
The mechanism described here may have implications for the role of the biosphere in climate regulation through aerosol radiative forcing. It has previously been shown that a significant fraction of CCN are derived from nucleation (3). The dependence of the nucleation rate and particle growth rate on biogenic emissions may lead to a coupling of CCN to biospheric emissions, which are predicted to increase with changing climate over the coming century (42) .
Methods
The H 2 SO 4 concentration in the chamber was calculated using a simple kinetic model considering reactions 3 and 4:
and H 2 SO 4 → dilution, wall loss, condensation.
[
4]
The OH radical concentration was determined from the measured decrease of the TMB concentration (reaction 5):
þ α NucOrg product NucOrg : [5] We assume that the fraction of the organic oxidation products with the lowest volatility can participate in the particle formation process (NucOrg). Its concentration was estimated from the amount of TMB reacted assuming a product yield (α NucOrg ) of 0.025%, which was determined from the particle growth rate (see Discussion). WLs and condensation onto particles are the dominant sinks for both H 2 SO 4 and NucOrg.
The largest sources of uncertainty regarding the determination of the gas phase concentrations of H 2 SO 4 and NucOrg are the ill-defined WL rates. We calculated the upper limit of the WL by assuming that the molecules will always stick to the wall surface upon impact and that release from the surface to the gas phase after uptake does not occur. A decrease of the assumed WL rates would therefore shift the concentrations to higher values (by about 1 order of magnitude if WL is neglected; see Fig. S4 ). Because WL does not vary in time, it merely serves as scaling factor and does not influence the dependency of the nucleation rate from H 2 SO 4 and NucOrg. The 3-nm particle appearance rate (J 3 ) was obtained from the measured particle number concentration after correction for coagulation, dilution, and WLs. The nucleation rate of 1.5-nm clusters (J 1.5 ) was estimated from the J 3 data by accounting for the loss processes that have occurred during the time that the particles spend growing from their nucleating cluster to the measured size range (37, 43) .
SI Text contains a full discussion of the methods, data analysis, and uncertainties attributed to the data.
